The N200 amplitude of the motion-onset VEP evoked by a parafoveal grating of variable speed (0.25-13.5 • /s), constant spatial frequency (2 cpd), contrast (4%), and direction (horizontally rightward) was studied before and after adaptation to a stationary or drifting grating (1 or 4 • /s). Psychophysical measurements were made simultaneously of the perceived speed. In the unadapted condition the slope of the N200 amplitude versus speed function is positive, but lower for high compared to low speeds. The N200 amplitude increases slightly after stationary adaptation. An increase in perceived speed is also evident after stationary adaptation. This increase is more pronounced for low compared to high speeds. Motion adaptation reduces N200 amplitudes over the entire speed range, whereas perceived speeds change from under-estimation to over-estimation when the speed exceeds 1.8 • /s after 1 • /s adaptation and 4.5 • /s after 4 • /s adaptation. The simultaneous evaluation of motion VEP and psychophysical results supports the view that the neurons generating the N200 component are also involved in speed perception. The data suggest the existence of a limited number (three or more) speed channels.
Introduction
Cortical neurons have been shown to be sensitive to the speed of visual stimuli [1] [2] [3] [4] . The motion VEP reflects the activation of motion-sensitive cortical neurons. It can be evoked by sudden motion-onset of a previously stationary pattern, or sudden motion-offset of a uniformly moving pattern. Only the motion-onset VEP is considered in this paper. The evoked potential studies of motion perception in humans have concentrated on the N200 component of the motion-onset VEP [5] [6] [7] . This component exhibits amplitudes that generally increase with increasing speed of a foveal [5] or parafoveal stimulus [8] . Furthermore, the slope of the function describing the relationship between the N200 amplitude of the motion VEP and stimulus speed is generally lower for high compared to low speeds. The change in slope can be interpreted in several ways:
1. The neuronal activation that underlies the motion VEP increases over the entire perceived speed range, although this positive slope decreases at high speeds (single-channel hypothesis). 2. There are several groups of motion-sensitive neurons, which are only activated within limited speed intervals (multi-channel hypothesis: two channels, [9, 10] ; three channels, [11, 12] ). Neuronal connections between the channels permit an antagonistic comparison of channel activities as a processing stage for speed perception. Such an antagonistic comparison is conceivable by computation of outputs, such as the weighted average [13] or the ratio of channel activities [14] . 3. Each motion-sensitive neuron constitutes its own, separate 'channel' (channel-continuum hypothesis [15] ). It is difficult to decide only by means of the motion VEP for or against one of these hypotheses. All the motion-sensitive neurons contribute to the 'overall activation' irrespective of their channel label [9] , i.e., the motion VEP is label-insensitive. Assuming that there is more than one channel, the contribution Table 1 . N200 amplitude of motion VEPs evoked by a square wave grating observed through convex lenses of different refractive power (distance = 147 cm; contrast = 20%; spatial frequency = 1.4 cpd; speed = 1.8 • /s; 10 subjects) of each channel cannot be resolved from the overall N200 amplitude. Thus, it seems reasonable to combine VEP measurement with further motion-related data acquired simultaneously by other methods, such as magnetoencephalography, positron emission tomography, functional magnet resonance tomography, or psychophysical procedures. In this paper we attempt to elucidate the relationship between motion-onset VEP data and the cortical structures generating motion percepts by concurrent psychophysical estimates of perceived speed.
The simultaneous measurement of electrophysiological and psychophysical data as a condition for their common consideration is necessary, since the vigilance level varies as a function of time, and since stimulus-correlated cortical activation as well as perceptual judgment of motion are dependent, despite steady fixation, on attention [16, 17] .
Adaptation can modify VEPs evoked by subsequently presented gratings [18, 19] . The N200 amplitudes of motion VEPs are reduced by prior foveal [6, 20] or parafoveal adaptation to equi-directional motion [21] . In the latter study, the adaptation effect on a grating with a moderate speed of 2 • /s and a spatial frequency of 2 cpd was examined. The results suggested the existence of at least two motion channels. In the present study we have measured motion VEPs and perceived speed over a large speed range (0.25-13.5 • /s) before and after stationary or motion adaptation. The aim of this paper is to obtain further knowledge about the relationship between motion VEP and perceived speed, which could also give additional information concerning the channel structure of the motion-sensitive cortical system.
Subjects and methods

Subjects
Eight subjects (three males, five females) participated in the experiments with informed and written consent. Four myopes and a hyperope wore their refractive corrections during the measurements. All subjects were naive with respect to the experimental aims. The observers viewed the stimuli binocularly at a distance of 85.5 cm. During the runs they were asked to fixate a small point presented in the centre of the display.
Stimuli
Square-wave luminance gratings of vertical orientation were created by a VSG 2/2 graphics board (Cambridge Research Ltd., Rochester, England) and presented on a high resolution display (Joyce Electronics, Cambridge, England) with a green phosphor, a frame rate of 100 Hz, and an average mean luminance of 50 cd m −2 . Gratings with a square-wave luminance profile were used, since they lead to a better signal-tonoise ratio in the motion VEP recordings compared to sine-wave gratings.
In a pilot experiment, a square-wave grating was blurred by convex lenses of a different refractive power. The grand means of the N200 motion VEP amplitude over 10 subjects are presented in Table 1 and suggest a contribution of higher harmonics to the motion VEP. Blurring also reduces the 25% contrast of the fundamental wave, but the N200 motion VEP amplitude is independent of contrast at values above 1-2% [7, 8, 22] . Thus, in the 8 dpt condition a moderate decrease of the N200 amplitude of the fundamental wave is conceivable at most. The contrast independence of the motion VEP above contrast values of 2% explains why sine-wave gratings with a greater contrast than in our experiments would not improve the signal-to-noise ratio. The subsequent spatial frequency specifications refer to the fundamental wave.
Procedure
Each experimental trial consisted of the sequential presentation of three stimuli, the adaptation stimulus for 5 s (at the beginning of a run for 30 s), the probe stimulus, and the match stimulus. An ISI of 1 s duration occurred prior to probe and match stimulus presentation. Both probe and match stimuli were presented for a total duration of 2 s. The stimulus presentation consisted of a 1-s period of stationary, followed by a 1-s period of drifting presentation of the grating. An additional 1-1.5-s response period followed (see Speed judgments). Thus, each trial lasted 12-12.5 s (Figure 1a ). Bach and Ullrich [6] and Hoffmann et al. [23] have shown that under comparable temporal conditions the N200 amplitude is reduced after adaptation.
Adaptation and probe stimuli were presented eccentrically of the fixation point. The stimulus extended from 0.5 to 3 • along the horizontal meridian in one visual hemifield only. Both adaptation and probe stimuli had a height of 11 • (5.5 • above and below the horizontal meridian). The spatial frequency of 2 cpd lies in the medium spatial frequency range, and variations of spatial frequency within this range at constant speed should have little or no effect on the N200 motion VEP amplitude [24, 25] . The selected spatial frequency assured us that a sufficient number of periods (i.e., five) were present on the screen. At this spatial frequency, motion blurring only occurred at very high speeds.
The match stimulus subtended 4.2 • in width and was presented in the opposite hemifield at an eccentricity between 3 and 7.2 • . The match stimulus had the same height as the probe and adaptation stimulus, and a spatial frequency of 1.2 cpd which was adjusted to compensate for the additional eccentricity according to the cortical magnification factor. The factor was calculated with equations given by Rovamo and Virsu [26] . Note that these equations are estimated for the primary visual cortex (V1) and stationary stimuli. Results of Tootell et al. [27] suggest a similar magnification factor in human MT and V1. Thus, we felt safe to employ the same equations under our experimental conditions.
All moving stimuli drifted rightward within a stationary window ( Figure 1a) and had a contrast level of 4%. The probe stimulus was presented in that hemifield where it evoked the larger motion VEP. This was the left visual hemifield in seven observers and the right visual hemifield in one observer.
Experimental conditions
Two sessions were performed in each subject for each adaptation condition. Each session consisted of four runs and in each run four probe speeds were used (0.25, 0.5, 2, 8 • /s, or 0.29, 0.7, 2.8, 9.5 • /s, or 0.35, 1, 4, 11.3 • /s, or 0.42, 1.4, 5.7, 13.5 • /s; the speed of the fastest stimulus, corresponding to a temporal frequency of 27 Hz, already approached the upper threshold of motion). These different speeds were presented in randomly interleaved staircases. Each run consisted of 80 trials with 20 presentations of each probe speed. Three conditions of adaptation were applied: unidirectional motion adaptation (speed of 1 or 4 • /s), adaptation by a stationary (0 • /s) pattern, or no prior adaptation. In the no-adapt condition, the time scheme remained unchanged but no adaptation stimulus was presented (blank, homogeneous screen of the same mean luminance as the gratings employed).
VEP recording
The EEG electrodes were placed left and right of O z at locations corresponding to 5, 10, and 15% of the O zFp z head circumference away from the midline (O 1 , O 3 , T 5 , and O 2 , O 4 , T 6 , respectively). Linked earlobe electrodes served as reference, an electrode at the right mastoid as ground. The probe VEPs elicited by pattern-appearance and motion-onset were obtained by averaging 40 EEG responses from runs 1 and 2, and additional 40 responses from runs 3 and 4, separately. In addition, the EOG over one eye was recorded. The two EOG electrodes were situated over temporal brow and at the nose, forming a diagonal derivation with respect to the eye. Trials with eye movements, blinks, or other artifacts during probe stimulus presentation were excluded from averaging. EOG and EEG signals were amplified and averaged in the same way. We found no effect of EOG on the VEP amplitudes for the data included in the analysis.
The N200 amplitude of the motion VEP varied in size from derivation to derivation. The site with the maximal amplitude varied over subjects. In some observers, the amplitudes of T 5 /T 6 exceeded the values of O 3 /O 4 , whereas in other observers the opposite was true. To give an overall estimation of VEP response in a hemisphere we averaged the values of the three derivations of each hemisphere. Thus, a representative N200 value of each hemisphere was obtained.
Speed judgments
During each trial, the observer judged whether the probe or the match stimulus moved faster and signalled this judgment by pressing the corresponding button on a response box. The initial speed of the match stimulus was stationary and thus perceived by all subjects as slower than the probe speed. The speed of the match stimulus was varied in dependence on the previously given response according to the 'slower-faster' variant of the Best-PEST algorithm [28] , which has been shown to be appropriate for perceptual matching tasks [29] . The match stimulus speed was increased after a judgment 'probe stimulus faster' and decreased after a judgment 'match stimulus faster'. At the end of a run (after 20 decisions per probe stimulus) the perceived match stimulus speed Figure 2 . N200 amplitude of the motion-onset VEP as a function of probe speed (log scale) in the contralateral hemisphere. A grating with a spatial frequency of 2 cpd and a contrast of 4% moved rightward within a stationary window (eccentricity between 0.5 and 3 • ) in one visual hemifield. The symbols show the results without adaptation and at three adaptation conditions (see inset). The adaptation stimulus was either stationary (0 • /s adapt) or it moved in the probe direction (rightward) at a speed of 1 or 4 • /s. In the no-adapt condition, the time scheme remained unchanged but no adaptation stimulus was presented (blank screen). Each data point is the grand (arithmetic) mean over the averaged VEPs (n = 40) of eight subjects and three derivations. The vertical bars show the standard errors in the no-adapt (+1 SE) and 4 • /s-adapt curve (−1 SE). The standard errors of the other curves are comparable in size and has been omitted for the sake of clarity.
corresponded to the perceived probe stimulus speed (i.e., the point of subjective equality).
Results
Figure 1b presents a registration of pattern-appearance VEPs and motion-onset VEPs without adaptation for left-hemifield stimulation from the six derivations used. The shape of pattern-appearance VEP and motion-onset VEP is similar as already reported earlier [8, 30] . Figure 2 shows the N200 amplitudes of the probe motion VEP as a function of speed (logarithmic scale) in the contralateral hemisphere. The probe stimulus was presented after the different adaptation conditions (see inset).
The results indicate the following:
1. The N200 amplitude versus probe speed (log scale) function increases with increasing speed values. The increase is evident before and after adaptation. The slope is lower for high compared to low speeds. The adaptation effects in the data of Figure 2 are more clearly visible in Figures 3 and 4 . The effect of stationary adaptation is plotted in Figure 3 by an N200 stationary adaptation ratio
N200 amplitude (no adapt) as a function of speed (log scale).
The linear regression line of Figure 3 shows a slight negative slope of −0.03 and is located between A = 1.11 for the lowest reference speed to 1.05 for the highest speed value. A mean 8% increase of the N200 amplitude is evident due to stationary adaptation. (4) was estimated by the Best-PEST procedure (i.e., the perceptual match) between match and probe speed. The perceived speed matches (one value per run; two runs per subject, speed size, and adaptation state) were simultaneously acquired together with the motion VEPs of Figure 2 . The symbols represent different adaptation conditions (see inset).
The effect of motion adaptation is plotted in Figure  4 by an N200 motion adaptation ratio 
The variable
v p , speed of the probe stimulus, can be considered a relative measure of the perceived speed of the probe stimulus. Values above unity indicate that the physical speed of the match stimulus had to be increased relative to the probe speed in order to match it perceptually, values below unity indicate that the match speed had to be decreased to match that of the probe [29] . The relative measure of the perceived speed of the probe stimulus v p , as defined in Equation (4) , is plotted in Figure 5 as a function of probe speed (log scale). The values were acquired together with the N200 amplitudes of the motion VEPs shown in Figure  2 .
As can be seen in the no-adapt curve ( Figure 5 , filled circles), subjects adjust relative perceived speed values of v p ≈ 1.7 at moderate probe speeds. The relative perceived speed exceeds the value of 1.7 at low probe speeds (0.25 ≤ v p ≤ 1.0 • /s) and high probe speeds (8.0 ≤ v p ≤ 13.5 • /s). The position and shape of the curve is altered after adaptation.
To describe the effect of stationary adaptation on the perceived speed we define, in analogy to Equation (1), a stationary adaptation ratio The stationary adaptation ratio A is plotted in Figure  6 as a function of probe speed (log scale).
The linear regression line of Figure 6 shows a negative slope of −0.13, and the estimation decreases from an over-estimation of 19% (A = 1.19) at the lowest probe speed to an under-estimation of 3% (A = 0.97) at the highest speed value. This negative slope agrees with that observed in the function describing the relationship between the N200 amplitude and the probe speed (Figure 3 ). Adaptation to a stationary stimulus exhibits a mean increase of 8% in the perceived speed of probe gratings in comparison with the no-adapt values. This increase in perceived speed is significant (Wilcoxon test, p < 0.01).
Furthermore, to describe the effect of motion adaptation on the perceived speed we define, in analogy to Equation (2), a motion adaptation ratio
The motion adaptation ratio B is shown in Figure 7 as a function of probe speed (log scale).
The 1 • /s adaptation condition of Figure 7 diminishes the perceived speed of probe stimuli for speeds below 1.8 • /s and enhances the perceived speed above 1.8 • /s. The 4 • /s adaptation condition has an effect that is comparable to that caused by 1 • /s motion adaptation. The perceptual 'slowing down' effect of adaptation is more pronounced than the perceptual 'speeding up' effect. The range of transition from under-estimation to over-estimation is shifted from 1.8 to 4.5 • /s after 4-• /s adaptation. An analysis of variance for repeated measures, with the logarithm of the motion adaptation ratio B as dependent variable, indicated that the motion adaptation effect on the perceived speed (expressed by the ratio B ) is strongly dependent on the speed of the probe gratings (F (15,224) = 17.0; p < 0.0001). Furthermore, the interaction between adaptation speed and probe speed was highly significant (F (15, 224) = 3.6; p < 0.0001). This interaction can be seen in Figure 7 as a shift of the functions towards higher probe speeds after adaptation to the higher adaptation speed.
Discussion
Comments on experimental design
Before we discuss the results in detail, we first comment on some important aspects of our experimental design.
Since we have kept constant the direction of motion (horizontally rightward) and spatial frequency (2 cpd) the experimental results cannot contribute to the question whether the channels, assuming there is more than one, respond to temporal frequency, or speed, or velocity. We will use in the following the term 'speed channel' without touching on this problem.
The averaged VEPs of Figure 1b indicate separate response components to stimulus appearance and motion onset, with a main component at peak latencies around 200 ms (N200 wave). We used as motion potential evoking stimuli an abrupt motion onset of square wave gratings. That is, on the assumption that there are channels in the spatio-temporal domain, not only neurons sensitive to the fundamental spatial and temporal frequency of the probe stimulus would contribute to motion VEP, but also neurons, sensitive to higher harmonics. In our experiments, at least the third and fifth harmonics with contrast values of 1.7 and 1%, respectively, are suitable to evoke motion VEPs [7, 8, 22] . Data of Markwardt et al. [24] and Göpfert et al. [25] indicate that N200 motion VEP amplitudes remain unchanged at constant speed in a wide spatial frequency range. Thus, activations of several spatiotemporal channels, with equal ratio of temporal to spatial frequency, contribute to the activation of a speed channel, improving the VEP signal-to-noise ratio. The pilot experiment (described in Subjects and methods, Stimuli) shows the size of improvement for a selected example. As a further consequence, VEP and perceived speed data can provide information about speed channels, but do not differentiate between spatio-temporal channels which constitute a speed channel [31] .
The different eccentricities used for probe and match stimuli were chosen to minimize the effects of adaptation stimulus and probe stimulus, presented in one visual hemifield, on the perception of the match stimulus, presented in the opposite hemifield. Such effects could occur via commissural connections [32] or ipsilateral visual field representation due to large, mid-line spreading receptive fields of cortical neurons [33] , which were also found in humans by Tootell et al. [34] . Although the comparison of gratings of unequal spatial frequency could appear, at first glance, to be more difficult, Chen et al. [35] found no measurable deterioration of speed discrimination performance under similar conditions. Our experimental design demanded a successive presentation of probe and match stimulus. Elementary stimulus parameters such as speed can be held in visual memory without loss of precision over periods up to at least 30 s [36, 37] . Thus, an impairment of speed judgment by successive stimulus presentation can be excluded under our experimental conditions. We next discuss the experimental results in the noadapt condition. Afterwards, we discuss the effects of adaptation on N200 amplitude and perceived speed.
No-adapt data
The no-adapt grand means of Figure 2 (filled circles) seem to support the single-channel hypothesis of motion perception. The N200 amplitude increases more or less monotonically as a function of probe speed. However, a monotonic increase of the N200 amplitude versus probe speed function is also conceivable if the motion detection system is structured into channels. If the number of neurons activated by a moving stimulus increases as a function of stimulus speed, we can expect an increase in the overall activation at transition from lower to higher speeds. This assumption holds independent of the number of channels in which the neurons are grouped. As a consequence, isolated consideration of N200 amplitudes of no-adapt motion VEPs cannot exclude any of the channel hypotheses.
The perceived probe speed v p in the no-adapt condition increases as a function of probe speed v p . The deviation from linearity is represented by v p ( Figure  5 ) which is the slope of the v p curve. The u-formed shape of the v p function can be taken as an argument in favour of the multi-channel hypothesis (at least three channels with optimal sensitivities in the low, moderate, and high probe speed range). Different proportions between channel activities at probe stimulus eccentricity, on the one hand, and match stimulus eccentricity, on the other hand, would explain the u-shaped function. Decreasing activities in the lowspeed channel and high-speed channel as functions of eccentricity are suggested by data of Snowden and Hess [38] and Yo and Wilson [13] .
Adaptation to a stationary grating
Stationary (0 • /s) adaptation leads to a significant N200 amplitude increase (Figure 2 ; Wilcoxon test, p < 0.01) which is also visible in the position of the regression line above A = 1 (Figure 3 ). This result may be accounted for by inhibitory connections from the pattern-sensitive to the motion-sensitive neuronal system. The desensitization of pattern-sensitive neurons by stationary adaptation would lead to a decrease of the inhibitory effect on the motion-sensitive neurons, and, as a consequence, the overall activation of the motion-sensitive system would increase.
The increase in the N200 amplitude is accompanied by a significant increase in the perceived probe speed (Figures 5, 6 ; Wilcoxon test, p < 0.01) which seems to support the single-channel view. However, the data can also be interpreted by the multi-channel hypothesis in the following way: (1) there are inhibitory connections from pattern-sensitive to low-speed neurons; (2) the low-speed neurons constitute only one channel, and stimuli of very low speed activate only the low-speed channel, not the other channels. (That is, no antagonistic comparison would occur at very low speeds. Antagonistic comparison could not explain the increase of the perceived speed at very low probe speeds after stationary adaptation, as plotted in Figure 6 . The additional effect of antagonistic comparison at moderate probe speeds leads to a reduced increase of the perceived speed after adaptation which explains the negative slope of the A function.) Speed channels with characteristics as demanded in point 2 (one low-speed low-pass channel, one or more high-speed band-pass channels) are suggested by Mandler and Makous [12] , and Hess and Snowden [39] . The effect of point 1 can be understood as an example of gain control [40, 41] . The speed overestimation of slowly moving gratings following 0 • /s adaptation diminishes the motion detection threshold and improves the discrimination between stationary and moving gratings.
Motion adaptation
The effect of motion adaptation is plotted in Figure 4 by ratio B (concerning the contralateral motion VEP), and in Figure 7 by ratio B (concerning the perceived speed). The motion adaptation effect (including conceivable interaction between pattern and motion) can be more appropriately described in relation to the 0 • /s adapt data than to the no-adapt data, since the patternsensitive system is adapted in comparable size after 0, 2, and 8 Hz adaptation [8] .
Adaptation to a grating with a speed of 1 • /s reduces the N200 amplitude significantly (Wilcoxon test, p < 0.01) which means a reduction in the activation of motion-sensitive neurons. An even stronger adaptation effect was found after 4 • /s adaptation (Figure 4 ). This can be explained by a further reduction of the activation of motion-sensitive neurons after 4 • /s adaptation and supports the single-channel hypothesis.
However, the motion-adapt VEP data do not exclude the multi-channel hypothesis. The significantly stronger amplitude reduction following 4 • /s adapta-tion compared with 1 • /s adaptation (Wilcoxon test, p < 0.01) can arise from smaller adaptation time constants, i.e., faster adaptation, of band-pass neurons compared with low-pass neurons. Such an assumption is used in the computation model of Smith and Edgar [14] in order to realize an optimal fit to their empirical data, and is also capable of explaining the position of the B =1-intersection points of the curves in Figure 7 (the probe speed values exceed the adaptation speeds). The relatively small adaptation effect after 4 • /s adaptation at very low probe speeds between 0.25 and 0.35 • /s (Figure 4) can be taken as a further support for the multi-channel hypothesis. The 1-and 4-• /s adapt curves of Figure 4 are only slightly dependent on probe speed, which is expressed in a lack of a significant main effect in the ANOVA. The assumption of two or more speed channels would then imply a very broad channel tuning. This corresponds with findings of many authors that motion perception is based on neurons [42] and channels [43] that are more broadly tuned compared to spatial frequency channels [44] .
The data discussed up to now imply the singleas well as the multi-channel hypothesis as alternative explanations for the results. The 1 • /s adapt curve of Figure 7 shows an increase of the perceived speed (B > 1) beyond a probe speed of 1.8 • /s, the 4 • /s adapt curve beyond of 4.5 • /s. This result is in clear contradiction to the single-channel hypothesis, which can only explain B values < 1. Such an increase can only be understood by taking into account the antagonistic processing of channels tuned to different speeds (e.g., Refs. [13, 14] ). The 1 • /s adapt curve of Figure 7 can be accounted for by the assumption of at least two broadly tuned channels. The two-channel hypothesis applied on the 4 • /s adapt results of motion perception would imply weaker low-speed channel desensitization and stronger high-speed channel desensitization compared with 1 • /s adaptation. This could explain the greater B values in the low-speed range (only low-speed channel activation, no antagonistic comparison) and the lower B values in the mid-speed range between 0.7 and 5.7 • /s (antagonistic comparison). The crossing-over of the functions near the probe speed of 5.7 • /s is not interpretable by two speed channels. The data can be accounted for by the assumption of a limited number, but at least of three, speed channels.
Conclusions
The simultaneously acquired data of motion VEP and perceived speed prior to and after adaptation confirm the view that the N200 motion VEP amplitude is correlated with the overall activation of all motionsensitive cortical neurons whereas the perceived speed is, with the exception of very low speeds, determined by antagonistic comparison between the motion channels. The ambiguity of VEP data can be restricted by additional consideration of analogous psychophysical variables. Our VEP and perceived speed data taken together can be accounted for, without any contradiction, by the multi-channel hypothesis with at least three motion channels.
